The possibility of investigating macroscopic coherent quantum states in polariton condensates and of engineering polariton landscapes in semiconductors has triggered interest in using polaritonic systems to simulate complex many-body phenomena. However, advanced experiments require superior trapping techniques that allow for the engineering of periodic and arbitrary potentials with strong on-site localization, clean condensate formation, and nearest-neighbor coupling. Here we establish a technology that meets these demands and enables strong, potentially tunable trapping without affecting the favorable polariton characteristics. The traps are based on a locally elongated microcavity which can be formed by standard lithography. We observe polariton condensation with non-resonant pumping in single traps and photonic crystal square lattice arrays. In the latter structures, we observe pronounced energy bands, complete band gaps, and spontaneous condensation at the M-point of the Brillouin zone.
complete band gaps in 2D configurations [2] , and can hardly ever provide single on-site polariton localization. The confinement provided by etched pillars [4] resembles an infinitely high hard-wall box due to the etched sidewall, which makes the inter-site coupling strength rather difficult to engineer and control. Furthermore, due to the deep etching through the quantum wells, a strong background signal from uncoupled excitons, which are strongly broadened by surface and strain relaxation effects, is commonly observed, which can degrade the polariton emission signals, in particular for small sizes and at moderate exciton-photon detunings. Acoustic lattices [16] can provide deep and tunable potentials, but they are of a dynamic nature and cannot be implemented in arbitrary geometries.
Here we employ a technology that enables deep (several meV) potentially tunable trapping in any 2D geometry without affecting the favorable polariton characteristics. The traps are based on a locally elongated microcavity which can be formed by standard lithography. We observe polariton condensation under nonresonant pumping in single traps and photonic crystal square lattice arrays. In the latter structures, we observe pronounced energy bands, complete band gaps, and spontaneous condensation at the M-point of the Brillouin zone.
The concept of confining polaritons in locally elongated cavity regions (we will call them polariton mesa traps in the following) has been introduced by El Daif et al [17] and theoretically analyzed [18] . To generate a condensate of polaritons in such structures, however, we have had to significantly modify the sample scheme, as we describe in the following.
The epitaxial layer structure of our sample is shown in figure 1(a) . It consists of an AlAs/AlGaAs microcavity with eight quantum wells, which are distributed over two stacks. One stack is integrated into the optical antinode of a λ 2 thick AlAs cavity layer; the second stack is located at the first AlAs/AlGaAs interface in the bottom distributed Bragg reflector (DBR). After the growth of the bottom DBR and the AlAs cavity, a 10 nm thick GaAs layer caps the cavity structure to protect it from fast oxidation of the aluminum containing layers. The vertical position of this spacer is chosen to coincide with an optical node in the complete structure. Following the growth of the bottom part of the sample, the wafer is removed from the molecular beam epitaxy system, and small mesa structures with heights of 5 nm to 30 nm are patterned into the cavity layer via electron beam lithography and wet chemical etching. Afterwards, the sample is reinstalled in the molecular beam epitaxy reactor and, after a cleaning procedure with activated hydrogen, the top DBR is grown. The buried mesas, which are schematically shown in figure 1(b) , provide optical confinement which is sufficiently strong to localize the exciton-polaritons. This is directly manifested in the photoluminescence images in figures 1(c) and (d), obtained by pumping the microcavity with a laser frequency far above the exciton resonance.
At the quasi-planar regions of the wafer ( figure 1(c) ), the energy-momentum dispersion is characterized by a smooth parabola. The shape of the parabola can be reproduced by the planar dispersion of a lower polariton (LP) with a Rabi splitting of E RS = 11.5 meV and a cavity-exciton detuning of 
For mesa sizes <20 μm we systematically observe quantized modes as a result of the finite size of the structure (see the supplementary material for a detailed analysis), as depicted in figure 1(d) for a mesa with a diameter of 4 μm. The depth of this confinement is estimated at ∼55 meV for an etchdepth of 30 nm.
We first assess the possibility of generating a polariton condensate in very large mesas with a diameter of 50 μm, i.e., much larger than our pump spot. The corresponding dispersion images are shown in figures 2(a)-(c) for low to high excitation conditions, respectively. The cavity-exciton detuning of this device was extracted to be Δ = −11.6 meV, i.e., on the order of the Rabi splitting, which corresponds to an excitonic fraction of 14% and leads to a modest line broadening as compared with the pure photonic case (see the supplementary material). By increasing the excitation power, we observe a strong modification of the dispersion and a pronounced emission from the energy ground state. This transition is accompanied by a clear threshold in the input-output characteristics ( figure 2(d) ), a persisting continuous blueshift of the energy ground state (figure 2(e)), and a drop in the emission linewidth followed by some broadening as a result of polariton decoherence via self-interactions for higher densities (figure 2(f)). These features are commonly attributed to the formation of a polariton condensate [9, 19] .
Next we carry out an in-depth study of a polariton trap with a diameter of 6 μm and a detuning of 3.9 meV. As a result of the deep confinement provided by the ∼30 nm high mesa, the energy states split into discrete levels which are strongly broadened in k-space (see the supplementary material for details of the energy structure), as can be seen in figure 3 (a)-(c). Due to the deep confinement, the planar polariton dispersion is significantly detuned to a spectral range outside the detection window. In a manner similar to the previously discussed planar section of the microcavity, a strong occupation of the lowest energy state is observed for high pump power (figure 3(d) and 3(g)) along with a characteristic condensation threshold in the input-output characteristics, accompanied by a persisting blueshift of the energy ground state above threshold (figure 3(e)) and a sharp decrease in the emission linewidth at threshold (figure 3(f)). All these features, in particular the energy shift, which is linear below and logarithmic above the threshold, are in excellent agreement with previous reports on planar [20] and etched pillar polariton lasers [21] . We plot the normalized occupancy of the polariton states as a function of the energy in figure 3(g) on a semi-logarithmic scale. Due to the photonic confinement, the spectra feature pronounced photonic resonances. At threshold, we can reproduce the decay of the occupancy of the polaritonic resonances by a Maxwell-Boltzmann fit and extract a sample temperature of 38 K. Above the threshold power P th a macroscopic ground state occupation builds up.
The major advantage of our technique, as compared with optical trapping techniques, metal mask deposition, and etched pillars, is the possibility of creating polariton lattices based on deep potential traps with widely tunable coupling strength without etching the active medium. The band structure in a lattice configuration is determined by the overlap of the polariton wavefunctions between the neighboring sites. We demonstrate successful formation of polaritonic bands separated by well-defined gaps in a lattice composed of polariton traps with a diameter of 2 μm and a height of 5 nm arranged in a square lattice configuration. The arrangement is depicted in figure 4(a) : the photonic confinement potential for this trap height amounts to ∼5 meV, and the fundamental mode is deeply confined (∼2.6 meV) below the continuum in the barrier (see the supplementary material). The polariton wavefunctions can penetrate into the barrier, leading to evanescent photonic coupling between neighboring sites, which is accompanied by the formation of a band structure. Using the linear exciton-photon coupling Hamiltonian [19] , it can be shown that the structure of the energy bands imposed on the cavity photon mode by the periodic potential translates into the band structure of the polariton spectrum [18] (see the supplementary material). The band structure of the polariton energy can be derived from the single-particle states
where a is the lattice period,
is the Bloch function, and = ( )
y is contained within the first Brillouin zone (BZ). The energy eigenstates are found by solving the time-independent Schrödinger equation for u r ( ):
where n is the band index, and m LP the effective polariton mass, and the effective periodic potential for polaritons can be approximated by and a potential depth of 5.5 meV) along the main symmetry directions of the first irreducible BZ (see inset). The LP spectrum in the photonic crystal landscape acquires energy bands separated by gaps, and a complete gap opens between the Mpoint of the s-band (n = 1) and the X-point of the p-band (n = 2) for sufficiently deep lattice potentials. A comparison between experiment and theory is shown in figure 4(c) , recorded for a lattice with a period of 3 μm below the condensation threshold from the Γ −point to the X-point of the BZ. The wavefunction overlap is sufficient to form distinct bands for the three lowest energy levels, which can be perfectly reproduced by our model with realistic parameters:
For larger lattice spacings (figures 4(d)-(f)), the coupling between the sites is successively reduced, leading to a strong increase in the effective mass of the polaritons in the lowest lying s-band and a pronounced tight-binding regime.
To assess the nonlinear characteristics of our polariton lattice structure, we perform a power dependent investigation of the square lattice structure shown in figure 4 (c) at a slightly different detuning of −7.8 meV. We provide a close-up image of the gap between the s and p-bands in our system, taken along the X-M symmetry direction below (figure 5(a), P ∼ 0.2 P th ) and above ( figure 5(b) , P ∼ 1.3 P th ) the condensation threshold. Again, perfect agreement between experiment and theory is achieved for the same realistic parameters (adjusted for the difference in detuning). For a higher pump power, e.g., P ∼ 1.3 P th , the condensation occurs in the vicinity of Mpoints of the BZ and the condensate energy blueshifts into the full gap of the linear spectrum due to the nonlinearity (see figure 5(b) ). A detailed discussion of the phenomenon can be found in the supplementary [25] . The ∼15 μm-diameter excitation spot (p ∼ 2.7 times P th ) is focused on the center trap, and the mirror axis is chosen along the Y-direction at X = 0. material). This behavior suggests the formation of a spatially localized two-dimensional gap soliton state [22] previously predicted in square lattice potentials [23] and observed in potentials induced by surface acoustic waves [16] . Although these gap states are analogous to their 1D counterparts as observed in modulated photonic wires [24] , the essential requirement for their existence in 2D is the complete gap being available only at the Mpoint in a sufficiently deep lattice. The sufficient width of the gap in our lattice enables detailed investigation of the gap soliton formation in the incoherent, off-resonant excitation regime at different pump powers (see the supplementary material). To investigate the spatial coherence properties of this state, we superimposed the real space emission of a 3 × 3 lattice cell on its mirrored image in a Michelson interferometer [25] . The excitation conditions were chosen so that a high emission intensity was reached, whereas the far-field dispersion characteristics were still similar to figure 5(b) (P ∼ 2.7 P th ). The resulting image ( figure 5(c) ) shows a distinct interference pattern throughout the cell, with high fringe visibility in the centered column of traps which is proportional to the first order correlation function.
In conclusion, we have observed evidence for the formation of a polariton condensate in a buried, deep microcavity trap, which is supported by a persisting blueshift above the condensation threshold and a strong line narrowing. The potential depth of the device can be lithographically tuned by varying the etch depth, and potentially via electro-optical methods. Such polariton traps can serve to generate polariton condensates which are spectrally and spatially decoupled from the reservoir (e.g., by pumping the barrier around the trap) to generate polariton condensates of unprecedented coherence. This technology platform can furthermore be exploited straightforwardly to fabricate 'guiding' channels, interferometers, logic and memory elements, and routers which serve as building blocks for polaritonic integrated circuits [26] .
In our current work, we extended the study to traps which are arranged in a square lattice configuration and observed strongly pronounced features of site-to-site coupling for small lattice constants and localized polariton modes for lattice constants exceeding the evanescent nearest neighbor coupling. The remarkable feature of our deep lattice is a complete gap between the M-point of the s-band and the X-point of the p-band of the energy spectrum. A complete gap in a two-dimensional periodic potential opens only above a certain depth threshold. The possibility of reaching this regime with our devices opens the way to investigations of topologically nontrivial states in more sophisticated lattice geometries. Polariton condensation in these lattice structures is observed in the full band gap near the M-point of the s-band, indicating the presence of a spatially localized gap state. A combination of such a potential landscape with one induced by a structured optical pump [27, 28] may enable the engineering of tailored nontrivial potentials, such as bi-partite or deliberately non-Hermitian lattices, because the depth of potential wells produced by both techniques can be comparable. We believe that our work thus represents an important step toward the implementation of quantum emulators in polariton systems.
Experimental section Sample design and fabrication
The two investigated samples were grown by molecular beam epitaxy in an etch-and-overgrowth technique. First the bottom 37 AlAs/Al 0.2 Ga 0.8 As DBR stacks and the λ − /2 thick AlAs cavity layer were grown on (100)-oriented GaAs substrate with a 10 nm thick GaAs layer on top to prevent oxidation. In the center of the cavity and the interface of the first DBR mirror pair a stack of four 7 nm thick GaAs QWs separated by 4 nm AlAs barriers was embedded. The entire 3-in wafer was patterned with alignment marks and large mesa structures via optical lithography and deep wet etching. These alignment marks served as reference points for the subsequent electron beam lithography step, where various geometrical formations of circular traps with varying diameters were defined. The patterns were then transferred into the semiconductor by wet etching using an aluminum layer as the etch mask. By controlling the dilution of the etchant and the time of the etch process, the etch depth and therefore the height of the traps could be varied. Sample A was produced using the GaAs QW as an etch stop, resulting in a depth of ∼30 nm, whereas in sample B the depth of ∼5 nm was within the GaAs capping layer. Prior to the overgrowth of the samples with a 32-pair DBR mirror, the Al mask was removed and activated hydrogen cleaning of the surface was carried out in the load-lock chamber of the molecular beam epitaxy system to remove surface oxides and contaminations at moderate temperatures (400°C).
Experimental setup
A compact low-temperature setup was constructed, in which both spatially (near-field) and momentum-space (far-field) resolved spectroscopy and imaging were accessible. Photoluminescence was collected through a 0.4 NA microscope objective lens (20× magnification) and directed into an imaging spectrometer with a grating of 1200 grooves/mm via a set of relay lenses, projecting the proper projection plane onto the monochromator's entrance slit. The system's momentum space resolution was ∼0.05 μm −1 (∼0.5°), and its spectral resolution was ∼0.050 meV, with a nitrogen-cooled Si charge-coupled device as the detector. All spectra were recorded at a sample temperature of ∼5 K. Non-resonant photoluminescence excitation was achieved with a continuouswave laser tuned into a Bragg minimum at a wavelength around 724 nm.
